We present an algebraic approach to the internal structure of baryons in terms of three constituents. We investigate a collective model in which the nucleon is regarded as a rotating and vibrating oblate top with a prescribed distribution of charges and magnetization. We contrast the collective and single-particle descriptions of baryons and compare the predictions of the model with existing data on masses, electromagnetic elastic and transition form factors and strong decays widths.
Introduction
In the usual description of baryons in terms of three constituents, the wave-function is a product of a space part and an internal spin-flavor-color part. Algebraic methods have been used extensively in the past to describe the internal part in terms of the symmetry groups SU sf (6) ⊗ SU c (3) [1, 2] . The difference between models lies in different assumptions on the spatial dynamics of the three constituents. Quark potential models in nonrelativistic [3] or relativized [4] forms emphasize the single-particle aspects of quark dynamics for which only a few low-lying configurations in the confining potential contribute significantly to the eigenstates of the Hamiltonian. Excited baryons in this description correspond to single-particle excitations of levels in the confining potential.
On the other hand, flux-tube models, soliton models as well as some regularities in the observed spectra (e.g. linear Regge trajectories, parity doubling) hint that an alternative, collective type of dynamics may play a role in the structure of baryons.
The aim of the present contribution is to report on an algebraic framework [5] which encompasses both the single-particle and collective scenarios. The formalism is based on a U(7) spectrum generating algebra whose bosonic realization and geometry were discussed at length in a previous contribution to these proceedings [6] . The algebraic formulation allows us to study a large class of models, all with the same spin-flavor-color structure, but different types of spatial dynamics. Among the models is the familiar harmonic oscillator quark model taken as a proto-type for single-particle dynamics, and a collective model in which the baryon resonances are interpreted as rotations and vibrations of an oblatetop shaped string with a distribution of charge magnetic moments. In what follows we report on an application of the model to the mass spectrum of nonstrange baryons, derive expressions of form factors relevant for electromagnetic and strong couplings [5] . We examine the effect of spin-flavor breaking and stretching on the electromagnetic helicity amplitudes [7] and calculate strong decay widths [8] . The predictions of the collectivemodel are compared with those of the single-particle description and with experimental data on these observables. The reader is encouraged to consult first [6] and to find more details in [5, 7, 8, 9] .
Mass Spectrum
We consider the baryon as an object composed of three identical constituents carrying internal quantum numbers: flavor = triplet = u, d, s; spin = doublet = 1/2; and color = triplet. The geometric arrangement of this three-body system can be phrased in terms of two relative Jacobi vectors. It is possible [5, 6] to cast the dynamics of these spatial degrees of freedom in algebraic form, in terms of a U(7) spectrum generating algebra.
The full algebraic structure is obtained by combining the geometric part, with the usual spin-flavor-color part, resulting in total wave functions which are representations of U(7)⊗
The classification under SU sf (6) and its flavor-spin subgroups SU f (3) ⊗ SU S (2), are denoted by the dimension of the corresponding irreducible representations. We consider a collective model in which nonstrange baryons are interpreted as excitations of the string configuration in Fig. 1 . In this case the spatial part in Eq. (2.1) consists of an oblatetop wave function [6] characterized by the labels: (v 1 , v 2 ); K, L P t , where (v 1 , v 2 ) denotes the vibrations (stretching and bending) of the string; K denotes the projection of the rotational angular momentum L on the body-fixed symmetry-axis; P the parity and t the S 3 symmetry type of the state under permutations. The permutation symmetry of the spatial part must be the same as that of the spin-flavor part to ensure antisymmetry of the full space-spin-flavor-color wave-function (SU sf (6) species: [56] symmetric, [20] antisymmetric, [70] mixed symmetry). The spin S and L are coupled to total angular momentum J. In this notation the nucleon (S = 1/2, flavor octet) and delta (S = 3/2 flavor decuplet) ground state wave functions are given by 2 For harmonic oscillator dynamics, the spin-flavor part in is the same, while in the spatial part the (v 1 , v 2 ); K labels are replaced by the harmonic oscillator quantum number n.
An S 3 -invariant operator can now be constructed along the lines outlined in [6] , and used to describe properties of nucleon and delta resonances. In the collective model the resulting mass spectrum exhibits rotational states (L P t , K) arranged in bands built on top of each vibration (v 1 , v 2 ). For a large model space the spectrum follows closely a mass formula of the form
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The spatial U(7) contribution to the mass consists of a vibrational part (M 2 vib = λ 1 v 1 + λ 2 v 2 ) and a rotational part (M 2 rot = αL). The spin-flavor contribution is expressed in a Gürsey Radicati form [2] associated with the chain SU sf (6) ⊃ SU f (3) ⊗ SU s (2). The resulting fit (r.m.s deviation of 39 MeV) for 3 * and 4 * nucleon and delta resonances is shown in Fig. 2 , along with a comparison to the non-relativistic [3] and relativized [4] quark models. As can be seen, the quality of the fits are comparable although the underlying dynamics and corresponding wave functions are different. A typical oblate-top collective wave-function for the ground state is shown in Fig. 3 , expanded in an harmonic oscillator basis. It exhibits strong mixing of many oscillator shells and reflects a correlated motion of the constituents. This significant spread should be compared to the structure of the ground state in the quark potential model [10] where 81% of the wave function is a pure n = 0 configuration and the 19% admixture of n = 2 components is induced by the hyperfine interaction. The above analysis of the spectrum in the nonstrange sector, shows that masses alone are not sufficient to distinguish between single-particle and collective forms of dynamics. To do so require an examination of other observables (e.g. electromagnetic and strong couplings) which are more sensitive to the structure of wave-functions.
Collective Form Factors
To consider decay processes of baryon resonances we need two ingredients: (i) the wave function of the initial and final states and (ii) the form of the transition operator. It is assumed that the operators inducing the electromagnetic (strong) transitions involve an absorption or emission of a photon (elementary meson) from a single constituent. In such circumstances, the couplings discussed below can be expressed in terms of the operatorŝ
where λ m (m = 0, ±) are Jacobi coordinates and (k 0 , k) is the four-momentum of the absorbed quanta. The form factors of interest are proportional to the matrix elements of these operators. In the algebraic approach, these operators are first mapped onto the U (7) algebra and their matrix elements are evaluated in the wave-functions of Eq. (2.1). The algebraic images of the operators in Eq. (3.1) and the calculation of matrix elements were presented in [6] . Table I in [6] shows the resulting elementary form factors corresponding to the case in which the charge and magnetization are concentrated at the end points of the string of Fig. 1 . Different types of collective models are specified by a distribution of the charge, magnetic moment, etc., along the string. For the present analysis we use the
where β is a radial coordinate and a is a scale parameter. The collective form factors are obtained by folding the matrix elements ofÛ andT m with this probability distribution
Here ψ denotes the spatial part of the baryon wave function. The ansatz of Eq. (3.2) for the probability distribution is made to obtain the dipole form for the elastic form factor. With the same distribution we can now derive closed expressions for inelastic form factors connecting other final states. A sample of collective transition form factors of the distributed string are given in Table I , which also lists the corresponding harmonic oscillator form factors. The single-particle and collective form factors differ in their k dependence. In particular, all collective form factors drop as powers of k. This property is well-known experimentally and is in contrast with harmonic oscillator quark models in which all form factors which fall off exponentially.
Electromagnetic Couplings
In electromagnetic processes such as photo-and electroproduction we encounter both elastic transitions involving diagonal matrix elements and inelastic transitions involving non-diagonal matrix elements of the transition operator. We consider below the corresponding observables (elastic electric and magnetic form factors of the nucleon and helicity amplitudes) which can be measured.
Elastic Form Factors of the Nucleon
Taking into account the overall symmetry of the nucleon wave function, the elastic electric (E) and magnetic (M) collective form factors are given by
where Ψ denotes the nucleon wave function
e u = 2/3, e d = −1/3), scale magnetic moment, mass, g-factor and spin, respectively, of the third constituent. Using the results of Table I we obtain
for the charge form factors. The scale parameter in the distribution (3.2) is related to the proton charge radius r 2 p E = 12a 2 . Similarly, for the magnetic form factors we obtain
where the corresponding magnetic moments are
respectively. Here we have assumed spin-flavor symmetry so that the mass and the g-factor 
for all values of the momentum transfer. These relations are due to spin-flavor symmetry, but are not obeyed by the experimental data. Within a truncated three-constituents configuration space, to have a nonvanishing neutron electric form factor, one must break SU sf (6) [11] . This breaking can be achieved in various ways, e.g. by including in the mass operator a hyperfine interaction [12] , or by distorting the oblate-top geometry, allowing for a quark-diquark structure [13] .
Within the model discussed here we study the breaking of the SU sf (6) symmetry by assuming a flavor-dependent distribution of the charge and the magnetization along the strings of Fig. 1 ,
With this dependence and for small symmetry-breaking the electric nucleon form factors 6) to leading order in ∆. Here ∆ ≡ (a
. If the length of the string in Fig. 1 is slightly different for u and d, so is their mass and thus in principle, their magnetic moment. Applying the same procedure to the magnetic form factors gives (to leading order in ∆)
Here µ u e u and µ d e d are the magnetic moments of the u and d constituents which determine the proton and neutron magnetic moments
In the calculations reported below we have used the following procedure to determine the parameters. In all cases we take g u = g d = 1. We assume that the constituent masses 
Helicity Amplitudes
Other (observable) quantities of interest are the helicity amplitudes in photo-and electroproduction. The transverse helicity amplitudes between the initial (ground) state of the nucleon and the final (excited) state of a baryon resonance are expressed as [5] 
where ν = 1/2, 3/2 indicates the helicity. The orbit-and spin-flip amplitudes (A and B, respectively) are given by When comparing with the experimental data one must still choose a reference frame which determines the relation between the three-momentum k 2 and the four-momentum
It is convenient to choose the equal momentum or Breit frame where
Here M is the nucleon mass, W is the mass of the resonance, and −Q 2 can be interpreted as the mass squared of the virtual photon (for elastic scattering we have k 2 = Q 2 ). In assessing the quality of the fits it should be noted that there are no adjustable parameters involved in the calculation of helicity amplitudes. All the parameters appearing in Eq. (4.10) and in the distributions (4.5) are those extracted previously from the elastic form factors.
Representative results for transverse helicity amplitudes A 1/2 and A 3/2 are shown in In a string-like model of hadrons one expects on the basis of QCD [16] that strings will elongate (hadrons swell) as their energy increases. This effect can be easily included in the present analysis by making the scale parameters of the strings energy dependent.
We use here the simple ansatz
where M is the nucleon mass and W the resonance mass. This ansatz introduces a new parameter (ξ), the stretchability of the string. 
Strong Couplings
We consider in this Section strong decays of baryons of the form
The process involves an emission (by one of the constituents in B) of an elementary pseudoscalar meson meson (M = π or η) with energy k 0 = E M = E B −E B ′ and momentum k = P M = P − P ′ = kẑ. Here P = P zẑ and P ′ (= P 
The coefficients ζ m are spin-flavor matrix elements [8] and Z m (k) (m = 0, ±) are the radial matrix elements
The coefficients g and h denote the strength of two terms in the transition operator.
The radial matrix elements Z m (k) involve the same collective form factors F (k), G ∓ (k) discussed in Section (3). The reason for the complex conjugation in Eq. (5.2) is that here we consider an emission process, whereas Table I shows the form factors for an absorption process.
The decay widths for a specific channel are given by [17] 
where ρ f is a phase space factor. For all resonances with the same value of (v 1 , v 2 ), L P this expression can be rewritten in a more transparent form in terms of only two elementary partial wave amplitudes W l (k),
Here l is the relative orbital angular momentum between the final baryon and the emitted meson. It takes the values l = L ± 1 (the value l = L is not allowed because of parity conservation). For this set of resonances, the k dependence is contained in the partial wave amplitudes W l (k), while the dependence on the individual baryon resonance is contained in the coefficients c l . In the algebraic method, the W l (k) can be obtained in closed form.
For example, the corresponding S and D elementary partial wave amplitudes are
Partial widths for other models of the nucleon and its resonances can be obtained by introducing the corresponding expressions for the elementary amplitudes W l (k). For example, the relevant expressions in the harmonic oscillator quark model are 
We consider here decays with emission of π and η. The calculated values depend on the two parameters g and h in Eq. (5.2) and on the scale parameter a of Eq. (3.2) . In the present analysis we determine these parameters from a least square fit to the Nπ partial widths (which are relatively well known) with the exclusion of the S 11 resonances. For the latter the situation is not clear due to possible mixing of N(1535)S 11 and N(1650)S 11 and the possible existence of a third S 11 resonance [18] . As a result we find g = 1.164 GeV −1 and h = −0.094 GeV −1 . The relative sign is consistent with a previous analysis of the strong decay of mesons [19] and with a derivation from the axial-vector coupling (see e.g. [17] ). The scale parameter, a = 0.232 fm, extracted in the present fit is found to be equal to the value extracted in the calculation of electromagnetic couplings [7] . We keep g, h and a equal for all resonances and all decay channels (Nπ, Nη, ∆π, ∆η). In comparing with previous calculations, it should be noted that in the calculation in the nonrelativistic quark model of [20] the decay widths are parametrized by four reduced partial wave amplitudes instead of the two elementary amplitudes g and h. Furthermore, the momentum dependence of these reduced amplitudes are represented by constants.
The calculation in the relativized quark model of [21] was done using a pair-creation Table II where the decay of a ∆ Regge trajectory into Nπ is analyzed and compared with the calculations of [17] , which are based on the harmonic oscillator model discussed in [22] . We also include the results of more recent calculations in the nonrelativistic quark model [20] and in the relativized quark model [21] . There does not seem to be anything unusual in the decays into π and our analysis confirms the results of previous analyses.
Contrary to the decays into π, the decay widths into η have some unusual properties.
The calculation gives systematically small values for these widths. This is due to a combination of phase space factors and the structure of the transition operator. Both depend on the momentum transfer k, however, due to the difference between the π and η mass, the momentum carried by the η is smaller than that carried by the π. Therefore, the η decay The 1994 PDG compilation deleted all η widths with the exception of N(1535)S 11 . This situation persists in the latest PDG compilation [23] , where N(1650)S 11 is now assigned a small but non-zero η width. The results of our analysis suggest that the large η width for the N(1535)S 11 is not due to a conventional q 3 state. One possible explanation is the presence of another state in the same mass region, e.g. a quasi-bound meson-baryon S wave resonance just below or above threshold, for example Nη, KΣ or KΛ [24] . Another possibility is an exotic configuration of four quarks and one antiquark (q 4q ).
Summary and conclusions
In this article, we have exploited the algebraic approach to baryon structure to analyze simultaneously elastic form factors and helicity amplitudes in photo-and electroproduction and strong decay widths. The use of algebraic methods allows us to study different situations, such as the harmonic oscillator quark model and the collective model, within the same framework. The logic of the method is that, by starting from the charge and magnetization distribution of the ground state (assuming a dipole form to the elastic form factor of the nucleon), one can obtain the transition form factors to the excited states.
In the 'collective' model, this procedure yields a power dependence of all form factors (elastic and inelastic) on Q 2 . For electromagnetic couplings we have analyzed two aspects of hadronic structure: (i) the breaking of SU sf (6) symmetry, and (ii) the stretching of hadrons with increasing excitation energy. We find that, whereas the breaking of the spin-flavor symmetry hardly effects the helicity amplitudes, the stretching of hadrons does have a noticeable influence.
The disagreement between experimental and theoretical elastic form factors and helicity amplitudes in the low-Q 2 region 0 ≤ Q 2 ≤ 1 (GeV/c) 2 may be due to coupling of the photon to the meson cloud, (i.e. configurations of the type q 3 − qq). Since such configurations have much larger spatial extent than q 3 , their effects are expected to drop faster with momentum transfer Q 2 than the constituent form factors. Also, since meson exchange corrections contribute differently to different channels, this effect will be state dependent.
We have performed a calculation of the strong decay widths N * → N +π, N * → ∆+π,
The analysis of experimental data shows that, while the decays into π follow the expected pattern, the decays into η have some unusual features. Our calculations do not show any indication for a large η width, as is observed for the N(1535)S 11 resonance. The observed large η width indicates the presence of another configuration, which is outside the present model space. This suggests, that in order to elucidate this point, particular attention be paid at CEBAF to the Nη channel.
In the present contribution we have focused the discussion to the nonstrange sector (nucleon and delta). It will be of interest to extend the formalism to include strange baryons as well. 37 (16) 45 (27) 36 (9) 52 (42) 28 (22) 120 ( Final state a)
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